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Abstract
The Effects of High Intensity Interval Training on Arterial Health
James Smith

Cardiovascular disease (CVD) is the leading cause of mortality in the world with over 600,000
deaths annually in the United States. Annually, physical inactivity costs $68 billion to cover
medical bills, productivity losses, and results in over 17 million deaths globally. While some
factors that contribute to CVD by impacting arterial stiffness can be delayed or accelerated,
such as obesity, poor diet, physical inactivity, and metabolic diseases, factors such as biological
aging cannot be avoided. Exercise is an effective stimulus for normal vascular functioning and
homeostasis. The American Heart Association recommends moderate intensity exercise (5070% predicted maximal heart rate) at least 30 minutes a day, most days of the week, to reduce
the risk of cardiovascular incidents and risk. Unfortunately, 50% of individuals disengage from
an exercise program within the first six months of starting, stating time to be the greatest
barrier, warranting shorter alternatives. However, it is unknown what the optimal duration and
intensity is required to help prevent or manage cardiovascular disorders. We tested the
following hypotheses: 1) Individuals who exercise for 8 weeks in the HIIT training group will
elicit greater improvements in arterial stiffness compared to those in the CT group and 2)
Individuals who exercise for 8 weeks in the HIIT training group will elicit superior arterial and
cardiac adaptations, as well as a larger increase in exercise performance than those in the LVHIIT group.
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Chapter 1
Introduction
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1.1. Purpose
Arterial stiffness is defined as the elasticity and compliancy of the blood vessels within the
vasculature. With normal aging, arteries naturally grow stiffer due to fracture and
fragmentation of elastin proteins and the deposition of collagen in their place 1. Under normal
conditions, central arteries act as a conduit vessel to direct the flow of blood to the periphery
and as a cushion to buffer the pulsatile ejection of blood from the left ventricle (LV), allowing
for adequate perfusion of organs2. In individuals with increased arterial stiffness, perfusion of
the organs can be decreased which will result in an increased risk of cardiovascular incidents 3.

Exercise is an effective stimulus for normal vascular functioning and homeostasis4. The
American Heart Association recommends moderate intensity exercise (50-70% predicted
maximal heart rate) at least 30 minutes a day, most days of the week, to reduce the risk of
cardiovascular incidents and risk5. Exercise improves cardiorespiratory fitness levels (CRF),
which are inversely correlated with CVD and all-cause mortality rates6. Unfortunately, 50% of
individuals disengage from an exercise program within the first six months of starting, stating
time to be the greatest barrier7.

High intensity interval training (HIIT), which involves repeated bouts of vigorous exercise
interspersed with lower intensities of “active recovery”, has proven to be an effective and time
friendly alternative to traditional exercise guidelines. It has been reported that HIIT training
elicits physiological remodeling similar to that of moderate intensity continuous training (MICT)
2

in healthy adults, with less time commitment and training volume 8,9. Specifically, HIIT has
shown to induce increases in muscle metabolism 9, peak oxygen uptake (VO2 peak) 10, and
endothelial function 11 at comparable, or even greater levels compared to MICT. However,
while HIIT training has proven to be comparable to that of MICT and promote better adherence
to exercise 7, no optimal time duration or intensity of exercise has yet to be established.

1.2. Specific Aims and Hypothesis

Specific Aim #1a: Determine the effects of an 8-week aerobic exercise program on
arterial stiffness in healthy, sedentary individuals.
•

Hypothesis #1: Individuals who exercise for 8 weeks in the HIIT training group
will elicit greater improvements in arterial stiffness compared to those in the CT
group.

Specific Aim #1b: Determine the effects of an 8-week Low Volume High Intensity
Interval Training (LV-HIIT) aerobic exercise training program versus 8 weeks of HIIT
aerobic exercise program.
•

Hypothesis #2: Individuals who exercise for 8 weeks in the HIIT training group
will elicit superior arterial and cardiac adaptations, as well as a larger increase in
exercise performance than those in the LV-HIIT group.
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1.3. Background and Significance

Cardiovascular disease (CVD) is the leading cause of mortality in the world with over 600,000
deaths annually in the United States 12. Annually, physical inactivity costs $68 billion to cover
medical bills, productivity losses, and results in over 17 million deaths globally 12. While some
factors that contribute to CVD by impacting arterial stiffness can be delayed or accelerated,
such as obesity, poor diet, physical inactivity, and metabolic diseases, factors such as biological
aging cannot be avoided.

Aging leads to a host of changes in the cardiovascular system, primarily increasing arterial
stiffness, or arteriosclerosis. Principal causes of arterial stiffness are functional and structural
changes observed within the vasculature, such as large arteries like the aortic and carotid
arteries compared to smaller, more muscular arteries in the periphery such as the brachial or
femoral arteries. Arterial stiffness is identified as an independent risk factor for the prediction
of future cardiovascular incidents and disease due to its ability to illustrate decreased
capabilities of an artery in response to pressure changes, such as constriction or relaxation.
While generalized stiffening of the vasculature is known to occur with normal aging, central
arterial stiffening is now recognized as an important consequence of aging that can contribute
to vascular diseases such as systolic hypertension 13, stroke 14, and heart failure 14.
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The arterial system can be thought of as two sub systems: large elastic arteries (ex. aorta and
carotid) and muscular arteries (ex. brachial and femoral). Large elastic arteries store blood
ejected from the heart during systole and recoil during diastole, which expels blood to the
peripheral circulation, ensuring a steady flow of blood during both cardiac cycles. Muscular
arteries alter vascular tone which allows the regulation of pressure wave velocities from the
larger vessels upstream 15. This function of the muscular arteries is important in regulating the
concept of the “reflected wave”.

When the heart contracts, a pressure wave is generated and propagated along the vascular tree
at a relatively low velocity 16. As the wave travels throughout the vasculature, it encounters
regions of varying impedance mismatches due to different properties of the vascular walls.
These mismatches amplify the wave forward, but also cause a partial wave reflection back
towards the heart. Collectively, all the partial reflected waves are summated into an overall,
backward traveling “reflected wave” that propagates towards the heart and returns during late
systole and early diastole 17. This reflected wave offers a boost to the diastolic filling pressure at
the root of the aorta, which enhances coronary flow and helps to produce a more forceful
contraction during the next cardiac cycle 17.

However, with increases in arterial stiffness, the properties of the pulse waves are changed. As
an individual ages, the aorta stiffens and dilates 18. Additionally, the aortic wall thickens
independent of atherosclerotic disease, heavily due to intimal thickening 19, elastin
fragmentation and depletion20, and collagen deposition 20. Summated, these changes cause an
5

increase in stiffness, as well as an increase in pressure in the central arteries 20, thus an increase
of the workload on the LV. This causes a decrease in the diastolic filling pressure, decreasing the
perfusion of the coronary arteries and reduces the diastolic filling duration of the cardiac cycle
2.

Figure 1.1: Comparison of a healthy artery versus a stiff artery during cardiac cycles. (Laurent
and Boutouyrie, 2015)

Aerobic exercise has been proven to reduce large elastic arterial stiffness in a plethora of
studies, including healthy, young, middle, and older aged individuals 21,22 and those with
cardiovascular risk factors 23. However, it is not known the specific modality, intensity, or
duration to help prevent or manage cardiovascular disorders 24. In healthy individuals, longer
duration and higher intensity is required for measurable physiological changes while older and
diseased individuals receive beneficial adaptations from less intense exercise programs 25.
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MICT is renowned for being the preferred method of training for patients with CVD and helping
to prevent CVD 26. However, HIIT has grown as a popular method of exercise due to its lower
time commitment and comparable or even superior physiological benefits 27. HIIT is defined as
brief, intermittent bursts of high intensity exercise, interspersed with periods of rest or lower
intensity exercise known as “active recovery”. HIIT has long been used as a method of
improving athletic performance in elite athletes for decades, but within the past two-three
decades, has grown popular among the general population. HIIT has shown to not only be
effective in clinical populations 10,23 for vascular measurements, but also for CRF levels 26 and
overall myocardium function 28 given a lower time commitment compared to MICT. Given that
lack of time is the largest barrier to exercise, HIIT may be an attractive, alternative method of
exercise for the general population in combating CVD risks and overall mortality.

7

Chapter 2
Review of Literature
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2.1. Vascular Health
2.1.1. Normal Cardiovascular Function
Two distinct components of the arterial system are to act as a conduit and a cushion. When the
LV contracts it delivers blood throughout the body via capillaries in organs and tissues, but also
cushions pulsations from the heart 2. Interestingly, the flow of blood is continuous, even, and
uninterrupted throughout the vasculature, even though the pumping ability of the heart is
intermittent 2. This is possible due to the elastic nature of the large central arteries acting as a
pressure reservoir and “storing” blood during the systolic contraction and expelling it due to
the elastic recoil of these arteries pushing blood forward during diastolic relaxation of the
cardiac cycle 29.

Once the LV contracts, oxygenated blood in the systemic circuit is carried throughout the body
via blood vessels known as arteries via a pressure gradient 30. Arteries carry blood away from
the heart, eventually branching into smaller vessels known as arterioles 29. Upon further
progression, arterioles will branch into even smaller vessels known as capillaries, where
nutrients and wastes are exchanged 29. These capillaries combine with vessels known as
venules, designed to carry blood to a vein for blood to be returned to the heart for the process
to repeat. The blood that will travel back to the heart via the pulmonary circuit has less oxygen
due to much of the oxygen going to cells throughout the body during systemic circulation 29.
Blood in the pulmonary circulation will go to the lungs for gas exchange and thus the cardiac
cycle will begin again 29.
9

Upon contraction of the LV, the forward pressure wave generated is propagated along the
arterial tree at a relatively slow rate 29. As the wave travels distally and encounters regions of
diameter mismatches, it will amplify the forward traveling wave and produce a partial wave
reflection. Within the arterial tree in a healthy, young, individual the amplified forward wave
will lose the pulsatile force as it travels deeper into the vasculature, before hitting the
microcirculation. Also, the reflected waves summate and return back to the heart during
diastolic filling, just when the aortic valve is closing, helping to perfuse the myocardial
microvasculature 2. This allows for minimal pressure to be endured by the LV during systolic
contraction and as a mean for increasing pressure during diastole. Indeed, the heart and
vascular tree are efficient in young, healthy, individuals validating the claim by A.V. Hill that the
amount of energy the heart has to produce and endure with each cardiac cycle with other
things being equal is the elasticity of the arterial system 31.

2.1.2. Normal Endothelial Function
Arteries transport blood throughout the body and are composed of three layers: tunica intima,
tunica media, and tunica adventitia. The tunica intima is the innermost layer and consists of a
layer of endothelial cells, which are in direct contact with blood flow 17,29. The tunica media is
the middle layer and consists of smooth muscle and elastic fibers arranged in a circle-like
pattern. This layer is thicker in arteries than in veins so that it can withstand higher pressure
loads as blood is ejected from the heart. Smooth muscle is present in this layer and is supported
by connective tissue consisting of elastic fibers. This layer can contract or relax to modulate
10

blood pressure, thus decreasing or increasing the lumen diameter, respectively. With smooth
muscle contraction in the tunica media, vasoconstriction occurs and blood flow decreases,
which increases blood pressure due to an increase in resistance. On the contrast, vasodilation
increases blood flow due to smooth muscle relaxation and an increased lumen diameter, thus
causing a decrease in blood pressure. The outermost layer, known as the tunica adventitia, is
primarily made up of collagen and elastic fibers.

Arteries that are closest to the heart have extremely thick walls which contain a large amount
of elastic fibers in all three tunics. These types of arteries are known as elastic arteries and the
high amount of elastic fibers are needed to allow blood pumped from the ventricles to pass
through them and recoil after the blood surge has passed. If the artery walls had more collagen
rather than elastin present in them, they would be more rigid and unable to expand and recoil
as well, causing resistance to blood flow to increase, thus increasing blood pressure due to the
workload of the heart having to increase. Unfortunately, with vascular aging brings about the
elastin depletion and collagen formation 20,32,33. While arteries naturally stiffen due to biological
aging, they can also stiffen due to the manifestation of many cardiovascular risk factors, such as
hypertension, obesity, hyperlipidemia, and hypercholesterolemia 34. Both functional and
structural changes can occur that play a role in arterial stiffness, due to actions and interactions
between cellular/molecular mechanisms.
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Figure 1.2: An illustration depicting the three layers of an artery.

These three layers play a major role in vessel stiffness and can change with different conditions.
With functional changes, changes in the vessel are related to the changes in endothelial
functioning, such as during the response to stress, while structural changes are associated with
changes in the levels of elastin and collagen. Elastin is an elastic protein in connective tissue
that returns to its’ original shape after stretching or contracting, allowing greater compliance of
vessels. Collagen is a rigid protein that helps makes up the walls of arteries in the body, which
helps to give the vessels their strength and structure. The more collagen there is, the stiffer and
less compliant vessels become 35.

With functional changes, typically nitric oxide (NO), a powerful vasodilator is reduced. NO
within the endothelium helps modulate arterial tone during different conditions, such as with
12

exercise induced shear stress 25,36. The endothelial-dependent response to vasodilate is largely
due in response to shear stress by a release of NO synthesized from the combination of the
amino acid L-arginine with endothelial nitric oxide synthase (eNOS) 25,36. The newly created NO
will bind to NO receptors of the basal lamina, leading to the production of intracellular cyclic
GMP, which will cause vasodilation via inducing smooth muscle dilation 25,37.

Shear stress is the mechanical force of blood flow on the endothelial cells of the blood vessel.
Endothelial cells within the vasculature line the inner walls of blood vessels and are directly
exposed to blood flow 38. If a large enough pressure force is detected within the vessel,
mechanoreceptors are activated within the vascular smooth muscle cells and an enzyme known
as eNOS is activated. L-Arginine, an amino acid found in the body, gets converted to nitric oxide
with the presence of eNOS, thus promoting vasodilation. NO helps suppress vascular smooth
muscle cell contraction, limiting of clotting and adhesion of platelets and monocytes that
contribute to atherosclerosis and eventually, arterial remodeling 39.

2.1.3. Cardiovascular Dysfunction
As one ages or becomes diseased, the cardiovascular system begins to become impaired and
not function as efficiently. With aortic aging and stiffening, aortic pulse wave velocity (PWV),
which is how fast the pressure waves within the vasculature travel, begin to increase 29.
Arteries stiffen with age due to elastin splitting and fragmentation which causes the transfer of
stress to be applied to a more rigid protein known as collagen 3,20,33. This is due to the repetitive
strain with each cardiac cycle and in all nonliving materials (e.g. elastin), which are not
13

continuously replaced, fatigue and fracture take its toll. While changes are more pronounced in
large, elastic arteries like the proximal aorta as compared to peripheral, muscular arteries like
the brachial artery, fatigue and the consequences of strain are due to the number of stretch
cycles with each beat of the heart 3. An example of this phenomenon occurs with rubber; as
natural rubber undergoes a repetitive stretch of 10% (similar to that of the proximal aorta), the
rubber will break after 1 billion cycles, which represents 30 years of aging in humans at a heart
rate of 70 beats/min 29. As a model for peripheral muscular arteries, the rubber underwent a
3% stretch cycle and was found to break after more than 3 billion cycles, representing a full
lifespan of an individual 29. Therefore, arterial stiffening leading to cardiovascular dysfunction is
the story of what happens to an individual after 30 years of age.

Figure 1.3: An illustration demonstrating the propagation of the incident wave (Pi) along the
arterial tree and upon reaching a bifurcation, a reflected wave (Pr) traveling back towards the
heart. From Ref 71.
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The aorta undergoes stiffening and dilation with age, leading to an increase in pulse pressure
(systolic blood pressure-diastolic blood pressure) 2,29,40. While aging causes dilation of proximal
elastic arteries, conduit function of the arterial tree is not disrupted. However, the dilation and
increased pulse pressure have a detrimental effect on the cushioning function of the arterial
system, exposing vulnerable organs such as the brain, kidney, and heart, to severe
consequences 2. While the increased pulse pressure is due to stiffening of the elastic arteries,
another prominent factor is the increase in pressure after the proximal aorta due to early wave
reflection 3,29,40. Increased arterial stiffening due to aging consequently causes an increase in
PWV 29,41, leading to early wave reflection.

While aortic stiffening leads to an increase in pressure during systole, it also causes a decrease
in pressure during diastole due to the reflected wave arriving during early systole instead of late
systole/early diastole 17,29,40. An increase in systolic pressure causes the LV to work harder
(afterload), leading to LV hypertrophy and an exacerbated oxygen requirement of the LV 42. Due
to the increase in oxygen requirement, this predisposes the hypertrophied heart to ventricular
heart failure due to prolonged contraction and slower relaxation at any given heart rate 29. With
the reflected wave arriving prematurely and systole lengthened and diastole shortened,
perfusion of the coronary arteries are minimized, increasing the risk of myocardial ischemia 2.
This is caused by decreased aortic filling pressure during diastole, reduced period of diastole
and lengthened duration of ejection duration, due to LV hypertrophy.

15

Figure 1.4: Flow chart summary of age induced vascular stiffening consequences. From Ref 2.

Arterial stiffness also increases stress on weakening arteries and predisposes vessels to
increased risks of atherosclerosis, plaque rupture, stroke, and renal malfunction 2,14. This is due
to the failure of cushioning pulsations in proximal arteries and allowing those pulsations to
propagate deeper into the microcirculation, which is comprised of smaller, resistance vessels
that act as conduit vessels rather than cushioning vessels and lead into the capillaries 2. As a
consequence of this, damage can occur deep into the delicate microvasculature due to
endothelial cell shedding or medial muscular stretching and rupture 43. If pulsations are not
absorbed in the proximal elastic arteries, they will most likely be absorbed in the brain and
kidneys as the vessels leading to these organs are more dilated than elsewhere and would allow
the pulses to transmit down easier. It is here in the microcirculation of the brain and kidney
that harsh lesions are found in older individuals 44,45. It is imperative that interventions to
16

reduce arterial stiffness and early wave reflections are studied extensively to help prevent,
delay, or improve cerebral and renal dysfunction in older individuals 46.

2.1.4. Vascular Dysfunction
Generally, the aging process expedites vessel wall stiffening in both peripheral muscular
arteries and large elastic arteries, with a greater effect on the latter. There is a 70% increase in
aortic stiffness and a 20% increase in peripheral stiffness when comparing early to mid-life (1050 years old) 29. This is due to large elastic arteries having a higher elastin to collagen ratio
compared to peripheral arteries where collagen predominates. Large elastic arteries must be
more distensible to store the ejected blood from the heart and recoil to propel the blood down
the aorta. As such, large elastic arteries need to withstand higher pressure loads during
distension due to their proximal location near the heart while the peripheral arteries do not.

Interestingly, despite the large elastic arteries becoming stiffer with aging or hypertension, it
appears that the peripheral muscular arteries do not become stiffer 47,48. It is known that
arterial stiffness is non-uniform in its development and will vary throughout the systemic
circulation 49. The development of arterial stiffness has multiple mechanisms involving
structural and functional changes to an artery. Structural changes are typically related to
changes in the ratio of collagen and elastin, while functional changes correspond to function
changes of the endothelial.

17

Vascular Remodeling
Structural changes to an artery are associated with changes in the levels of elastin and collagen.
As mentioned earlier, elastin is a protein that allows greater compliancy of blood vessels. The
elasticity of an arterial segment is not constant, but rather fluctuates depending on the amount
of pressure being exerted with higher pressures recruiting more collagen fibers and decreasing
elasticity 50. Likewise, collagen being a more rigid protein, if elevated, will lead to stiffer and less
compliant vessels 17,29. Collagen is degraded slowly and is cross linked by advanced glycation
end products, that are not only higher in stiffened arteries, but also helps to increase stiffness
even further 51. These changes cause thickening and structure remodeling within all three layers
of the artery 52.

Functionally, with aging and the development of atherosclerosis, endothelial cells secrete less
vascular protective substances and more pro-atherosclerotic substances 1. With endothelial
cells secreting more pro-atherosclerotic substances rather than vascular protective substances,
this creates a condition known as endothelial dysfunction. Studies have shown that with the
development of a stiffer vessel wall, this may contribute to a decline in eNOS production, which
would further increase vascular stiffness 1. This dysfunction is associated with decreased nitric
oxide bioavailability and a decreased ability to augment artery wall diameter, leading to an
increased pressure in the vessel and possibly increased risk of damage in the walls of the artery.
With less nitric oxide bioavailability, arterial tone is not modulated as well and as observed with
aging, the pulse pressure wave will travel down the aorta at a faster rate and with a greater
18

proportion of the wave traveling into the microcirculation. This dysfunction over a period of
time can lead to changes in the structural composition of the arteries, due to structural
damage, which can further exacerbate functional changes, all playing a role in the development
of arterial stiffness 53. A cycle is thought to exist where stiffening leads to endothelial
imbalance, which may worsen stiffening 17.

2.1.5. Endothelial Function Measurements
PWV is a measure of arterial stiffness, or the rate at which pressure waves travel along arterial
segments, typically the carotid and femoral artery sites. PWV is known as the gold standard for
measuring arterial stiffness and has been associated with cardiovascular mortality 54. Aortic
stiffness is an independent predictor of CVD 55–58. In patients with essential hypertension 54, end
stage renal disease 59,60 and impaired glucose tolerance and diabetes mellitus 61, arterial
stiffness has been shown to predict coronary artery disease 62–65.

For a given heart rate, the time of arrival of the reflected wave depends on the PWV, which is
determined by the stiffness throughout the arterial tree. The stiffer the vasculature, the faster
the arrival of the reflected wave. PWV is calculated by measuring the foot-to-foot waveforms
between the carotid and femoral sites and determining the delay between the appearances of
each waveform, known as Δt. The measurement of the tonometry transit distance is recorded
by measuring the carotid pulse site with the suprasternal notch and then the suprasternal
notch with the femoral pulse site by using a measuring tape. The aortic transit distance is
19

estimated by subtracting two times the suprasternal notch-carotid distance from the
tonometry transit distance 66. Aortic PWV is then estimated by dividing aortic transit distance
by Δt, using a validated computerized system 66–68.

Figure 1.5: Pulse wave velocity illustration and waveform analysis (Ramachandran Vasan,
2008).

While PWV is the gold standard for measuring arterial stiffness, it is important to note
reference values that can applied to norms within the population. There is a significant increase
in cardiovascular risk when aortic PWV is > 11.8 m/s compared with slower values of 7.7 m/s or
below 69. A decrease in PWV of 1 m/s decreases the risk of cardiovascular disease by 15% 70.
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While reference values have been reported for PWA 71,72, only one study has been able to
determine reference values 72.

PWA over the years has gained considerable attention as a means of measuring central blood
pressure, the pressure in the aorta located near the heart. Measuring central blood pressure via
PWA has been shown to be a better clinical measure of blood pressure compared to the
traditional brachial blood pressure measurement due to variations of blood pressure
throughout the arterial tree 73. Central blood pressure has shown to be more sensitive than
peripheral blood pressure with the use of pharmacological interventions 73. Central blood
pressure has been proven to be a better indicator of future cardiovascular events compared to
brachial blood pressure 74. This is due to only the central blood pressure, not the brachial blood
pressure, directly affecting target organs due to their proximity within the aortic tree 73. The
brachial blood pressure amplitude may be 50% greater when compared to central blood
pressure values in young individuals, whereas in older individuals, central and brachial blood
pressures are nearly equal 73.

When the forward wave travels from the left ventricle and reaches the periphery, it encounters
vessels of greater impedance that act as a mirror and reflect subsequent waves back to the
heart. The wave reflection leads to augmentation of the aortic forward pressure wave due to
the incident wave and the reflected wave summating together. Augmentation pressure
measures how the reflected wave impacts systolic blood pressure, either by increasing the
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pressure the heart must contract against or by increasing the filling pressure of the ventricles.
This augmented pressure represents wasted left ventricular energy, or, the extra workload the
ventricle must generate during the reflected wave duration. This is wasted energy because
there is no boost to blood flow during this time period 75 and as mentioned earlier, is associated
with LV hypertrophy and heart failure.

Augmentation index is looking at the effect of the reflected wave reflection on the second
systolic peak, thus allowing one to see the additional workload the left ventricle must overcome
during a cardiac cycle. Since augmentation index is relative to pulse pressure, it is often
standardized to a specific heart rate of 75 beats per minute 75. This is used as a measure to
evaluate arterial stiffness. With changes in heart rate causes an inverse relationship with
augmentation index. A faster heart rate decreases the ejection duration of the heart, which
causes the reflected waves to arrive earlier. With faster heart rates, the reflected wave is more
likely to return during diastole, decreasing the workload of the left ventricle and increasing the
perfusion of the coronary arteries.

PWA is possible through applanation tonometry, which consists of pressing an artery of
interest, in this case the radial artery, against a bone and recording the pressure waveforms.
Once 10 similar waveforms are recorded, a new pressure waveform is created, representing the
aortic pulse wave. The pulse pressure waveform is formed from the combination of the incident
wave (pressure wave generated from the left ventricle) and the reflected waves back from the
22

periphery, due to arterial tree branching and arterial vessel diameter changes. The pulse
pressure waveform varies in different vessels and is dependent on four things: elasticity of the
arteries (wave amplification is increased going from elastic areas to stiff areas), viscosity of the
blood, wave reflection, and wave dispersion. Thanks to the general transfer function, which is a
mathematical equation in computer software, by measuring peripheral waveforms, a central
waveform can be calculated and displayed digitally.

2.1.6. Exercise for Vascular Dysfunction
Endothelial dysfunction is the cause of nearly all lifestyle related vascular diseases with the
intima within the endothelium being responsible for vascular homeostasis by regulating arterial
dilation and constriction. One prominent feature of intact endothelial function is NO production
via eNOS formation and release. With NO serving multiple roles ranging from anti-inflammation
to platelet adhesion inhibition to dilation, one thing is clear that NO is essential for vascular
homeostasis 39. It has been shown that impaired NO bioavailability has an independent
prognostic value for adverse cardiovascular events in individuals who have risk factors, but no
diagnosed coronary artery disease or coronary atherosclerosis 76. In addition, it has been found
that those present with endothelial dysfunction are at a 3-4 fold higher risk for myocardial
infarction or ischemic stroke compared to those with intact endothelial function 76.

Exercise has shown to increase expression and release of eNOS in humans due to increased
levels of shear stress 77. This is due to the increase of blood pressure with exercise stretching
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out the walls within the endothelium and as a compensatory mechanism, NO is released to
allow the vessel to expand, normalizing the amount of pressure exerted against the vessel wall
37.

With repeated episodic increases in shear stress due to exercise, vascular adaptation and

remodeling begin to occur. Arteries increase in size, or dilate, causing shear stress to be
normalized within the body, a phenomena known as “athlete’s artery”, defined by large lumen
with a thin wall and normal endothelial function 36. However, the degree of change within the
vasculature is not clear, with results dependent upon not only an individual’s health and fitness
level, but also the exercise intensity 36.

Exercise intensity, duration, and frequency all play a role in the total volume of exercise
achieved weekly. While each of these factors are important, it appears that the total volume of
exercise is most important in observing reductions in CVD or functional capacity 78. With time
being the number one barrier for exercise adherence, exercise regimes that offer the most
enjoyment along with results are heavily warranted. HIIT and MICT have undergone a plethora
of studies comparing the two in hopes of finding the optimal exercise prescription for reducing
CV risk and mortality and increasing functional capacity in the general population.

2.1.7. HIIT versus MICT
HIIT was originally developed for athletes who were already highly trained, as it appears that
additional increases in submaximal endurance training did not appear to further enhance
performance or VO2 max 79. At the time it seemed that further increases in performance was
only possible through the implementation of HIIT 80. While recreational exercise and endurance
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training stimulates physiological responses due to increased muscle cell energy demands, it is
generally believed that in sedentary and recreationally active individuals, several years of
training are needed to improve VO2 max to that of highly trained athletes 79. However, this was
disproven as one study utilizing a HIIT intervention showed that several subjects who were
recreationally active/sedentary improved their VO2 max to that of highly trained athletes (VO2
max > 60 ml/kg/min) 81.

The rationale for HIIT is that exercise is performed at a greater workload than one can typically
endure for a continuous period, but by incorporating periods of rest known as “active
recovery”, workloads of high intensity can be completed in brief intervals allowing for
supraphysiological benefits. While high lactate levels develop during the intervals, the active
recovery allow the opportunity for lactate to be partially removed from the body, allowing one
to tolerate the repeated intense intervals for extended periods of time 82. It has been reviewed
and stated that HIIT is a more potent stimulus for improving vascular endothelial functioning
comparing to MICT, even after one single exercise session in adolescents and adults with risk
factors for vascular dysfunction 83. These changes to the cardiovascular system state an
improvement in oxygen delivery to working muscles and to an increase in stroke volume 79. By
increasing stroke volume, the LV contracts with a greater force via an increase in cardiac filling
during diastole, improving end-diastolic volume and consequently, producing a more forceful
contraction via the Frank Starling Mechanism in the next cardiac cycle 29.
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It is also important to note that MICT is also beneficial as an independent exercise regime.
Indeed, MICT has been found to tax the aerobic system in an individual and as a result,
peripheral and central adaptations have occurred. Central adaptations including the improved
rate of oxygen delivered to working skeletal muscle fibers in combination with increased
utilization of oxygen in the periphery of working muscles 84. Endurance training has also been
found to lower resting heart rate and increase blood and plasma volume, allowing for
improvements in stroke volume and perfusion throughout the body 85. Interestingly, while
these central improvements allow for increases in physical work capacity, longer, more
strenuous training regimes may be needed for improvements in VO2 max 86. It is speculated
that with this style of exercise training, several weeks may be required before observable
changes in muscle capillaries and mitochondrial density take place 87. Additionally, peripheral
adaptations resulting in reductions of glucose levels and improvements in glycogen utilization 88
have been found with endurance training, as well as more efficient blood lactate maintenance
during absolute workloads 89 with an endurance training exercise intervention. It has also been
suggested that mitochondrial density, enzymatic activity, anti-inflammatory cytokines, and
skeletal muscle adaptations is improved in both MICT and HIIT exercise interventions, with a
greater effect on the latter 8,79,90,91.

When comparing HIIT and MICT for body composition, the results are not so clear. In 2014,
one-third of the population was considered overweight while 13% were considered obese 92.
While exercise has been proven to be an effective intervention for preventing weight gain and
losing weight, when looking at overweight and obese individuals, it appears that exercise alone
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is not effective in weight loss without dietary interventions when evaluating only BMI or body
mass 93. While one would speculate that HIIT is very intense exercise, it should burn more
calories over a period when matched with frequency to MICT, however, HIIT has more complex
outcomes.

In an ideal exercise prescription for weight loss, the program design should be feasible and
enticing for patients and eventually, adopted as a lifestyle behavior. Surprisingly, HIIT may
induce a compensation with food intake. By exercising extremely hard, subjects feel exhausted
and as a reward, consume more calories than they burn, however, this is not supported with
some studies 94. Recently, a review was published examining the effects of HIIT and MICT on
body composition in overweight/obese individuals and the results show that these two exercise
prescriptions induce similar modest effectiveness in body composition changes independent of
body-weight changes 95. In this review, HIIT and MICT also showed similar adherence rates,
despite HIIT having ~40% less time commitment than MICT. It should be noted however, that
there is no evidence of body composition changes in healthy, older individuals when comparing
MICT to HIIT 96. Finally, it was found that the measurable changes in body composition were
heavily influenced by the exercise modality, with treadmill running showing significant
decreases in body mass and fat mass compared to cycling, which showed no significant changes
in body composition 97. While the underlying mechanisms are not clear on why this may be,
perhaps the increased muscle mass recruitment needed for running at any given workload
leads to greater energy expenditure compared to cycling 98.
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2.2. Arterial Stiffness
CVD is the leading cause of mortality in the world with over 600,000 deaths annually 12. In the
United States, 11.3% of the population, approximately 26.6 million individuals, suffer from CVD
99.

As such, vascular physiology has been studied heavily in hopes of determining the influence

of vascular pathophysiology on CVD related events, such as heart attacks and strokes. One area
of research that has been linked to systolic hypertension 13, coronary artery disease 14, stroke 14,
and heart failure 100 looks at stiffening of the central arterial tree (aortic tree), known as arterial
stiffness. Arterial stiffness results in a gradual loss of elasticity of the arteries, leading to an
increase in blood pressure within the vessels, thus increasing CVD risks and mortality 70.

2.2.1. Aging
Aging causes a cascade of changes in the cardiovascular system that are both modifiable and
unavoidable. One of the most consistent changes is dilation and hardening of the large elastic
arteries. As mentioned earlier, while large elastic arteries are more vulnerable to age related
stiffening and cannot be prevented, interventions that can delay the progression of stiffness in
these vessels and muscular peripheral arteries are paramount. This is especially important as
the number of subjects in the United States aged 65 years and older are growing at a rate faster
than that of the total population 101.

There is a curvilinear relationship with age and aortic PWV with evidence showing PWV to be
less pronounced in younger individuals as compared to older adults beyond the age of 50 102.
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Between ages 20-30, PWV is estimated to increase by 0.4 m/s, but after age 50, there is an
accelerated increase in PWV, which has been shown to increase ~1.8 m/s between 70-80 years
of age 102. There is evidence showing that when traditional cardiovascular risk factors are
controlled for, including blood pressure, an increase in aortic PWV by 5 m/s constitutes 10
years of vascular aging 54. Although most attribute increases in life expectancy as a positive
advancement in science and medicine, unfortunately, a longer life expectancy does not
necessarily represent better health conditions. By pushing life expectancy further and further,
this also increases the occurrence of chronic diseases for a longer period. This can be due to a
longer time period living with a chronic disease, be it from earlier diagnosis and/or improved
healthcare 103. As such, this can allow for the manifestation of CVD, eventually leading to or
accelerating the process of cardiovascular and endothelial dysfunction.

2.2.2. Hypertension
Blood pressure is a traditional measure that is easily measured using a sphygmomanometer to
help determine the risk for future cardiovascular events. Advancing age causes increases in
systolic blood pressure while diastolic blood pressure remains the same or decreases slightly,
which leads to a widening in pulse pressure 104. Systolic hypertension is extremely close to
aging, so much that people aged 65 years and older have a 90% chance of developing
hypertension in their lifespan 33. Due to increases in arterial stiffness and pressure wave
augmentations, isolated systolic hypertension is the most common subtype of hypertension for
individuals middle aged and older 104.

29

The most common form of “classical” essential hypertension that affects young and middleaged individuals is mixed hypertension (systolic/diastolic). This abnormality in blood pressure
regulation has been identified to the increase in peripheral vascular resistance. While there is a
consensus that muscular artery stiffness is increased in hypertensive subjects due to higher
operating pressures, interestingly, muscular arteries show dilation in hypertensive subjects 102.
This causes a paradoxical increase in vessel compliance, although, increased wave reflection 105
and augmentation index 29 have also been shown in the same subjects. This leads to the
conclusion that vessel wall remodeling due to hypertension is likely a compensatory mechanism
in response to vessel wall stress 17.

Large elastic arteries have also shown increased stiffness due to hypertension, as made evident
by increases in aortic PWV compared to normotensive subjects across a wide age range 106,107.
It is unclear, however, if increased aortic stiffness is due to the higher operating pressure of the
hypertensive arteries. It has been found that in young, hypertensive subjects, arterial stiffness
levels are similar to that in older, non-hypertensive individuals 108. The same study also found
that when blood pressure is decreased in young, hypertensive subjects, arterial stiffness levels
decrease, suggesting that blood pressure does influence arterial stiffening early on in life 108.
While blood pressure influences on arterial stiffness is complex and difficult to pinpoint, it
appears that blood pressure and arterial stiffness go hand in hand, creating a feedback loop and
increasing/decreasing expression of one another 49.
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2.2.3. Diabetes
Physical inactivity is known to cause an increase in developing type 2 diabetes globally 109. In
the United States, only 28.2% of diabetic patients achieve the recommended level of physical
activity 110. It is known that diabetes causes an abnormal metabolic state that can help lead into
arterial dysfunction and CVD. Indeed, adults with diabetes are 2-4 more times likely to develop
heart disease or stroke compared to adults without diabetes 111. Two major features of
diabetes are hyperglycemia and insulin resistance.

Hyperglycemia is a major risk factor for microvascular complications with its pro-atherosclerotic
environment 112. Insulin resistance is an abnormality in type 2 diabetes that brings about a
clustering of metabolic disorders such as obesity, hypertension, and dyslipidemia, each
representing an independent CVD risk factor. Both of these conditions have been associated
with large elastic artery stiffness 112. This is due to diabetes causing an increase in collagen cross
linking and endothelial dysfunction. With stiffening of these arteries, the buffering abilities and
elastin to collagen ratio is decreased, leading to increases in pulse wave propagation speeds.
It has been noted that those with diabetes experience an acceleration in arterial aging and an
increase in pulse pressure at earlier ages compared with nondiabetic individuals 113.

Obesity has also been linked to the pathophysiology of diabetes via insulin resistance. Visceral
adipose tissue presents elevated free fatty acids within the circulation that contributes to
insulin resistance 114. It is also known that increased levels of adipose tissue lead to the release
of pro-inflammatory cytokines, which can have negative consequences on the vasculature by
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inducing a state of chronic, low-grade inflammation, helping to contribute to atherosclerosis
and future CVD risk 114.

2.2.4. Body Composition
The accumulation of excessive body fat, known as obesity, is a rapidly increasing, significant
health concern. Since 1980, those considered overweight (body mass index [BMI] >25 kg -2) and
obese (BMI >30 kg-2) has doubled globally 92. Over 39% of adults were considered overweight
with an additional 13% labelled as obese in 2014 92. Obesity is a major risk factor for the
development of chronic conditions such as CVD and metabolic diseases, which can lead to
atherosclerosis, type 2 diabetes, and all-cause mortality 115.

Increased levels of adipose tissue have been linked with increases in arterial stiffness
throughout the life cycle 49. Adolescents who are overweight and obese exhibit higher aortic
and brachial SBP and pulse pressure compared to normal weight counterparts 116. Aortic PWV
has also been shown to be 7% higher in overweight/obese individuals 116. One study found that
when adults of normal weight were feed a caloric surplus of 1000 kcals per day across 6-8
weeks, total abdominal fat, visceral fat, and waist circumference increased in a linear fashion
with arterial stiffness by 13% 117. Another study found that childhood obesity was associated
increases in large elastic artery stiffness into adulthood 118.

The benefits of physical activity on weight management has been made evident in a plethora of
studies. While exercise has a mild effect on reducing total body weight, caloric restriction has
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shown much stronger results on weight management, but not in reducing visceral adipose
tissue 119. Both are recommended for the best results, as weight loss is associated with a
reduction in aortic stiffness 120. This study found that after one year of lifestyle intervention
implementing both exercise and caloric restriction, aortic PWV decreased by 0.581 m/s after 6
months and 0.32 m/s after one year 120. Typically, endurance-based exercise programs were
used for weight loss due to longer duration sessions, however HIIT has grown more popular as a
shorter alternative method of exercise that offers similar/greater results to that of MICT
programs. To this day, there is still no consensus on what the appropriate modality for exercise
should be for improvements in body composition

2.2.5. Physical Inactivity
Physical inactivity is a modifiable cardiovascular risk factor that costs $53.8 billion in healthcare
costs globally 121. Physical inactivity and a sedentary lifestyle has been shown to be associated
with increased levels of arterial stiffness 49. While aging is the strongest predictor of arterial
stiffness for both men and women, chronic, regular exercise can blunt age-related arterial
stiffness level increases. This was made evident in as study that looked at physically active postmenopausal women aortic PWV compared to pre-menopausal women with similar aortic PWV
122.

Unfortunately, a significant difference in PWV was still seen between the two groups,

implying that regular levels of physical activity cannot completely reverse the age-related
increases in levels of arterial stiffness.
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Higher levels of CRF have been shown in both males and females to be associated with a
decrease in PWV through reductions in resting heart rate 123 and adipose tissue levels 124,
respectively. Reasons for this being is that with a lower heart rate, the cardiac cycle duration is
prolonged, which will delay the forward wave and cause the reflected wave to arrive back
during late systole/early diastole. Mechanistically speaking, this is likely due to several factors,
with the first being an increase in shear stress. As mentioned earlier, shear stress is the
mechanical force of blood flow exerted on the innermost layer of blood vessels known as the
intima. With increased levels of shear stress, NO is created more readily due to increased eNOS
activation and release, thus increasing NO bioavailability, and inducing smooth muscle
relaxation. This causes stress transfers from collagen fibers to elastic fibers, thus slowing down
the velocity of wave propagation and reflection.

A second factor would be a decrease in vasoconstrictors (e.g. endothelin-1). Vasoconstrictors
make the vessel stiffer by reducing the lumen diameter, making peripheral resistance increase,
consequently increasing blood pressure. This would allow for platelet adhesion, coagulation,
and inflammation to occur more easily, increasing the long term risk of atherosclerosis 25. By
decreasing vasoconstrictor release, vascular tone can be decreased and help keep the
endothelium in a state of vascular homeostasis. Unfortunately, the best mode of exercise is not
known, with mixed reviews regarding MICT and HIIT 27.
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3.1. Experimental Design
The purpose of this study was to examine the effects of an 8-week aerobic exercise program on
arterial stiffness in healthy, sedentary individuals and to determine the effects on arterial and
cardiac adaptations, as well as any change in exercise performance. This interventional study
included 4 groups; a control group and 3 exercise training groups. All subjects were between
the ages of 18-40 years old, free of any cardiovascular, pulmonary, or metabolic diseases and
were not participating in an exercise training program greater than 3 days per week. Each
subject arrived at the Human Performance Lab located (HPL) at the Health Sciences Center at
West Virginia University to undergo two evaluation sessions, before and after the 8-week
intervention. Subjects arrived at the lab after an overnight fast, withholding caffeine and
medications the morning of the tests. All evaluation sessions took place in the morning
between 5:00 and 10 AM to avoid circadian rhythm bias. After 15 minutes of quiet supine rest,
subjects underwent supine measures of arterial structure/function.

Height and weight, along with waist and hip circumference were measured using standard lab
procedures. Fat distribution was measured in a standing position via waist circumference at the
smallest circumference location between the rib cage and iliac crest. Hip circumference was
measured at the largest circumference location between waist and thighs. Body composition
was assessed from body volume via the BodPod (Life measurement, Concord, CA, USA).
Subjects wore tight fitting bathing suits and a swim cap during the measurements in the
BodPod. BMI was calculated as weight (kg)/height (m)2.
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Subjects performed an incremental exercise test on a cycle ergometer, using a customized
YMCA bike test that increased by 25 watts every 3 minutes. Subjects were instructed to
maintain a cadence of 50 revolutions per minute throughout the entire test. The ergometer was
placed at a 45-degree angle during the stress test. A cycle ergometer was used as the stress test
modality of choice due to our lab finding significance results with exercise interventions in the
past using this modality. The cycle ergometer also may provide a sense of safety to subjects
with maximal exertion, as well as feelings of more overall comfortableness. Expired gases were
collected using a one-way valve and analyzed using a metabolic cart (ParvoMedics TrueOne
2400). HR was recorded throughout each 3-minute stage using a 3-lead ECG. BP was measured
by an experienced investigator using a manual sphygmomanometer at rest, halfway of each
stage, and at 1, 3, and 5 minutes of recovery. Exercise was terminated for any of the following
reasons: SBP rose above 250mmHg, the subject requested to stop, any significant arrhythmias’
developed, or if the subject was unable to maintain a cadence of 50 revolutions per minute.

Initial exercise training was performed at the HPL. The exercise sessions were either 25, 40, or
47 minutes at 70% and/or 90% Heart rate reserve (HRR), depending on the exercise group
placed into, for 3 sessions per week for 8 weeks. These particular time durations and intensities
were chosen based off of popular protocols done within the literature for various populations.
The 40 minute exercise protocol is the most popular version of HIIT that has been heavily
studied in the average population and originally was compared to 47 minutes of moderate
intensity exercise in metabolic syndrome patients 125. The 25 minute LV-HIIT protocol 91 was
originally developed to examine the efficacy on type 2 diabetic patients who were
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overweight/obese. Positive metabolic health parameters were concluded and with time being
the number one limitation for lack of exercise, it seemed fitting to explore this shortened
version of HIIT.

Each subject had the choice to exercise on either a bicycle, treadmill, or elliptical every session,
depending on their preference. Subjects individually exercised at 70% HRR if placed into the CT
group (47 minutes) and/or 90% HRR if placed into a HIIT group (25 and 40 minutes). The
appropriate heart rate zones were calculated based off the resting HR obtained during PWA
measurement and maximal HR was obtained during the maximal stress test. Exercise intensities
were based on HRR calculations rather than age-predicted maximal HR to more accurately fit
each individual, as this formula takes into account both maximal heart rate and resting heart
rate of each individual. Adherence to the exercise prescription was documented through the
use of self-reported physical activity logs. All post-test measurements were performed at least
48 hours following the last training session. Subjects who were placed into the control group
were asked to maintain their normal daily lifestyle and activity level.

3.2. Training Protocol
Subjects placed into the CT group exercised for 47 minutes, 3x/week for 8 weeks at 70% HRR.
Subjects placed into the LV-HIIT group exercised 25 minutes, 3x/week for 8 weeks at 70% and
90% HRR. In this group, there was a 3-minute warm up at 70% HRR, followed by a 1-minute
90% HRR interval interspersed with 75 seconds of active recovery at 70% HRR. Subjects did this
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for a total of 10 rounds. Subjects placed into the HIIT group exercised for 40 minutes, 3x/week
for 8 weeks at 70% and 90% HRR. In this group, subjects had a 10-minute warm up at 70% HRR
followed by a 4-minute interval at 90% HRR, interspersed with a 3-minute active recovery at
70% HRR. Subjects completed 3 more rounds of this followed by a 5-minute cool down. During
exercise, all subjects wore Polar HR monitor (Polar A300) and were instructed to keep their
target heart rate within a zone of ±6 beats.

3.3. Experimental Measures
3.3.1. Pulse Wave Velocity
PWVcf was measured via applanation tonometry from the Sphygmocor AtCor Medical device
(Sydney, Australia). Blood pressure was acquired from an automated cuff (Omron Healthcare
Inc.) and SBP and DBP was entered prior to PWV data acquisition after 10 minutes of quiet rest.
ECG-gated waveforms were recorded over the carotid and femoral arteries during recordings.
PWV is calculated by measuring the foot-to-foot waveforms between the carotid and femoral
sites and determining the delay between the appearances of each waveform, known as Δt. The
measurement of the tonometry transit distance is recorded by measuring the carotid pulse site
with the suprasternal notch and then the suprasternal notch with the femoral pulse site by
using a measuring tape (in meters (m)). The aortic transit distance is estimated by subtracting
two times the suprasternal notch-carotid distance from the tonometry transit distance 66. Aortic
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PWV is then estimated by dividing aortic transit distance by Δt, using a validated computerized
system67.

3.3.2. Pulse Wave Analysis
Subjects lied down supine on an adjustable bed with the right arm extended, at heart level, on
foam supports angled 90° from the torso. Recordings were made possible via applanation
tonometry from a strain gauge pressure sensor (AtCor Medical Device, Sydney, Australia)
placed over the radial artery. By applying pressure, the artery is flattened and pressed against
bone in order to record waveform readings. Once 10 similar waveforms are recorded, a new
pressure waveform is created, representing the aortic pulse wave. The pulse pressure
waveform is formed from the combination of the incident wave (pressure wave generated from
the left ventricle) and the reflected waves back from the periphery, due to arterial tree
branching and arterial vessel diameter changes. The SBP and DBP in the radial artery were
recorded via an automated cuff (Omron Healthcare Inc.) and entered into the PWA software
prior to data acquisition. Central SBP, DBP, and pulse pressure are determined due to the
general transfer function, which is a mathematical equation in computer software, by
measuring peripheral waveforms, a central waveform can be calculated and displayed digitally.

3.3.3. Carotid Intima Media Thickness
Carotid artery intima media thickness (cIMT) via B-mode ultrasonography is a useful, noninvasive tool for detecting atherosclerotic plaque presence and course of development 19,126.
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Indeed, cIMT measurements have been linked to be a strong predictor of future cardiovascular
risk and mortality incidents 127. This is due to the ability to examine arterial wall thickening 19,
lumen enlargement 128, and atherosclerotic plaque formation 129 throughout the vascular, all of
which play a pivotal role in various forms of CVD. Intima media thickness is measured in the
space between lumen-intima and the media-adventitia structure 19,126.

Using an ultrasound machine (GE vividi) equipped with a high-resolution linear array
transducer, cIMT was measured 1-2 cm proximal to the carotid bifurcation. All subjects were
lying supine with a slight hyperextension and rotation of the neck in the direction opposite of
the probe. By placing the probe over the anterior position of the neck longitudinally, twodimensional recordings were measured for approximately 30 seconds. cIMT was measured
during diastole of the cardiac cycle by using the ECG during the end-diastolic phase, between
the P and Q wave. All cIMT measurements were analyzed a total of 3 times with the average
amongst the three determining the IMT value.

3.4. Statistics
All data are presented as Means ± SEM. Data from each experiment were first tested for
normality using Kolmogorov-Smirnov tests. Data that were not normally distributed were
analyzed using Kruskal-Wallis nonparametric tests. Normally distributed data underwent
repeated measures analysis of variance for statistical significance, followed by Tukey’s HSD
post-hoc analysis. All analyses were performed with SPSS Statistics 25 (IBM, Armonk, NY,
U.S.A.). P-values <0.05 were considered statistically significant.
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4.1. Results
Body Anthropometry
In total, we had 40 subjects complete the 8-week exercise intervention, with 10 subjects
in each group. Subject characteristics are described in table 4.1. There were no significant group
differences for sex or age (Table 4.1). Hips and waist were also examined between the groups
with no significant group differences reported. When comparing body composition across the 8
weeks, a significant time (pre vs post) by group interaction (p=0.016) was reported for total
weight in the HIIT group compared amongst the other groups. The data also showed a trend for
improvement in total weight in the CT group when compared amongst the groups (p=0.084).
However, no significant changes in fat mass (P= 0.315) or lean mass (P= 0.697), was evident,
respectively (Table 4.2).
Table 4.1. Baseline clinical characteristics of the study cohort
Control
CT
(n=10)
(n=10)
Age (years)
26±2
28±2
Height (cm)
171±3
168±3
Sex (% female)
40
80
Hip (cm)
104±2
112±4
Waist (cm)
89±3
93±5
Values are means ± SEM.

LV-HIIT
(n=10)
23±1
172±3
70
104±3
92±3

HIIT
(n=10)
24±1
170±3
60
109±5
97±6

Table 4.2. Body composition changes following an 8-week aerobic exercise intervention
Control
CT
LV-HIIT
HIIT
(n=10)
(n=10)
(n=10)
(n=10)
Pre
Post
Pre
Post
Pre
Post
Pre
Post
Weight (kg)
72±4
72±4
80±6
81±6
73±4
73±3
82±7
81±7*
Fat mass (kg)
19±3
23±5
25±4
25±4
21±1
20±2
25±4
24±5
Body Fat (%)
27±4
27±4
30±3
29±4
27±2
28±3
29±3
28±3
Lean Mass (kg)
53±4
57±4
55±4
57±5
53±3
60±9
58±5
57±4
BMI (kg/m2)
24±1
24±1
28±2
29±2
25±1
25±1
28±2
28±2
Values are means ± SEM. *Denotes p ≤ 0.05 compared to other groups.
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Arterial function and structure
In total, we had no significant time by group interactions when comparing resting HR
(P= 0.468), bSBP (P= 0.979), bDBP (P= 0.491), cSBP (P= 0.812), and cDBP (P= 0.616) values
amongst one another in the groups, (Table 4.3). When looking at other values of central arterial
function, there was no significant change for PP, cPP, or SEVR.

Table 4.3. Arterial health parameter changes following an 8-week aerobic exercise intervention
Control
CT
LV-HIIT
HIIT
(n=10)
(n=10)
(n=10)
(n=10)
Pre
Post
Pre
Post
Pre
Post
Pre
Post
Resting HR (bpm)
65±2
68±2
65±3
66±4
67±3
66±2
61±3
60±3
bSBP (mmHg)
119±5
119±5
116±5
118±6
116±3
116±4
119±4
121±4
bDBP (mmHg)
67±4
64±3
67±3
67±3
67±3
69±2
66±2
68±3
cSBP (mmHg)
100±6
100±5
98±3
100±4
97±2
99±3
101±4
104±4
cDBP (mmHg)
67±5
65±3
67±3
67±3
68±3
69±2
66±2
68±3
Values are means ± SEM.

When examining measures of arterial stiffness, as determined via cfPWV, no significant group
by time interactions (P= 0.292) were present across the groups (Figure 1a). Similarly, there were
no significant group by time interactions in augmentation pressure found in figure 1b (P=
0.939). Furthermore, when examining AIx, no significant group by time interactions (P= 0.919)
were found, as made evident in figure 1c. When augmentation was standardized to a heart rate
of 75 bpm, no significant group by time interactions were present, visible below in figure 1d
(P=0.891). Likewise, when examining arterial structure within the carotid arteries, cIMT found
no significant group by time interaction (P=0.177) across the groups, which can be seen below
in figure 2.
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Figure 4.1: Changes in arterial stiffness in response to 8 weeks of aerobic exercise across the exercise
groups and non-exercise controls. There were no changes in parameters of arterial stiffness across the
intervention.
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Figure 4.2: Changes in carotid intima media thickness in response to 8 weeks of aerobic exercise across
the exercise groups and non-exercise controls. There was no significant change in cIMT across the
intervention.
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Exercise Capacity and Performance
When examining the effects of the 8-week exercise intervention, there was no significant
changes across the groups in VO2 peak (P=0.761), HRmax (P= 0.433), Tidal Volume (P= 0.799), or HR at
ventilatory threshold (0.712) as seen below in figure 4.3. For further examination, we looked at group
differences in Respiratory Exchange Ratio (RER) values (P=0.085), Rating of Perceived Exertion (RPE)
values (P=0.171), % HR max achieved (P=0.433), and VO2 peak comparing controls and subjects who
underwent exercise within this study (P=0.506) and found no significant changes across the groups, as
seen below in figure 4.4.

Figure 4.3: Changes in exercise capacity and performance in response to 8 weeks of aerobic exercise
across the exercise groups and non-exercise controls. There was no significant change in panels A-D
across the intervention.
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Figure 4.4: Changes in maximal exercise performance values in response to 8 weeks of aerobic exercise
across the exercise groups and non-exercise controls. There was no significant change in panels A-D
across the intervention.
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Chapter 5
General Discussion
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5.1. Discussion
The present study shows that after an 8-week aerobic exercise intervention, in young, healthy
adults, no changes in PWV were discovered amongst any of the groups. Only a small amount of
studies have compared the effects of HIIT versus MICT on arterial stiffness using PWV 22,26,130.
Two studies showed that HIIT is more effective than MICT for reducing arterial stiffness in
young to middle aged hypertensive patients 26 and young women at an increased risk for
hypertension 130 while the other study showed that MICT is more effective than HIIT in reducing
arterial stiffness in older, sedentary, disease free adults. Both studies showing that HIIT was
superior than MICT in reducing arterial stiffness recruited subjects that were of similar age
ranges to ours, but present with hypertension, which is known to have negative consequences
on arterial stiffness levels. Indeed, PWV is less pronounced in young individuals when compared
to older individuals, aged 50 and beyond 102. It is also known that between the ages of 20-30,
PWV increases by 0.4 m/s 102. This may explain why we were not able to see a reduction in
arterial stiffness within our study, simply because of the young age of our subjects. While we
recruited sedentary individuals, our subjects were young, healthy individuals with overall,
relatively low values of PWV, leaving limited room for improvement. Perhaps a higher level of
baseline arterial stiffness is necessary before seeing changes in PWV values in a HIIT versus
MICT intervention.
Being that arterial stiffness begins to take course beyond 30 years of age, this helps to explain
why no improvement was noticed in our 8-week aerobic intervention. It is also known that the
effects of exercise on measures of arterial stiffness will be more pronounced in those who
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presently have cardiovascular risk factors as compared to those who are disease free 2,3,17,25.
While PWV did not decrease in the HIIT group compared to the CT as we hypothesized, this
reveals an important finding that in young, healthy individuals, CT and HIIT have similar effects
on measurements of arterial stiffness. This allows greater variety in exercise program choices,
which can be based on a variety of factors, such as intensity, frequency, and duration. While
these three factors are important, it appears that the beneficial effects of exercise are heavily
influenced by the volume or quantity of work performed weekly rather than intensity and
duration 36,131.
In our study, we found no differences in VO2 peak between the groups. Indeed, there are a
plethora of studies comparing the effects of HIIT versus MICT on VO2 max/peak in a wide age
range. It has been shown that low levels of cardiorespiratory fitness levels (VO2 peak) are
inversely correlated to increased incidence of CVD and all-cause mortality rates 6. In a wide
variety of studies 27,91,132–135, HIIT has been found to be more effective than MICT in improving
CRF levels in young, middle, older, and different clinical populations. When looking at the
effects of a LV-HIIT exercise regime, improvements in VO2 max were found in a healthy, but
sedentary, population with the same age range as our own undergoing a supervised 8-week
exercise intervention, consisting of five exercise sessions weekly 134. The results of the previous
study are further supported with an improvement in VO2 peak found in healthy, older adults
when comparing HIIT versus MICT 133. In a review comparing HIIT versus MICT in different
clinical populations 27, CRF levels increased significantly after a 12-week HIIT intervention
compared to MICT.
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While many studies show the validity of HIIT improving CRF levels to a greater extent than
MICT, these findings are not universal 136,137. In patients with coronary artery disease
undergoing cardiac rehabilitation, subjects underwent two supervised exercise sessions per
week for 12 weeks, either performing HIIT or MICT. There was no significant difference found
between the two groups when examining CRF levels. In a study similar to ours, fifty-five college
aged individuals underwent an 8-week aerobic exercise intervention comparing two versions of
HIIT versus MICT 137. While CRF levels improved after the 8-week intervention in both the two
HIIT groups and MICT group, there were no significant differences between the groups.
Regarding our study, it is difficult to explain the lack of improvement in VO2 peak after the 8week intervention. While we implemented exercise training logs for adherence recording and
HR monitors to exercise in the appropriate intensities, this study was a non-supervised
intervention, which may have influenced the results. Likewise, perhaps the 8-week intervention
simply was not enough time to see statistically significant changes in VO2 peak making it hard
for our analysis of VO2 peak to be significant (P=0.761). Maybe a 12-week intervention would
have induced significant changes in VO2 peak in our study cohort. While we did perform stress
tests on a cycle ergometer for pre and post testing, it has been reported that when performing
a stress test on a cycle ergometer, the recorded VO2 max can be 7-12% lower when compared
to a stress test performed on a treadmill 138. Perhaps if we implemented a stress test protocol
on a treadmill rather than a cycle ergometer, we would have seen measurable changes in VO2
peak. Another factor is while we performed the stress testing on a cycle ergometer, subjects
had the option of performing individual exercise sessions on either a bicycle, treadmill, or
elliptical for every session. It has been shown that the body adapts and responds favorably to
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stress testing given the specific modality of exercise training used 139. Perhaps if subjects
exercised primarily on an elliptical or treadmill, the adaptations and results did not translate
significantly over to the testing modality of a cycle ergometer.
An important discovery in this study is that HIIT induced total weight loss in young, healthy
individuals in 8 weeks. It has been previously reported that body composition changes do not
take place in healthy, older individuals when comparing MICT to HIIT 96,97. This raises potential
questions to the effectiveness of HIIT in different populations and the length of the
intervention. As mentioned previously, it has been reported that body weight changes from
exercise are modest and relatively ineffective when compared to caloric restriction and diet
intervention studies. A recent review 97 revealed that MICT and HIIT appear to have equal
effects on body composition, despite HIIT having ~40% less time commitment. The primary
finding of this review is that ~10 weeks of exercise, be it HIIT or MICT, can reduce bodyfat and
waist circumference in the absence of body mass changes. While we did not find a significant
change in bodyfat levels or waist circumference, perhaps due a shortened intervention of only
8 weeks, we were able to find a significant decrease in total body weight from HIIT. It has been
consistently reported that exercise is relatively ineffective for managing overweight/obesity
without the addition of a dietary intervention 93,97, but has inconsistent conclusions 140. It has
also been proven that exercise induces fat loss, particularly visceral fat, even if weight loss is
not evident 97, as observed in our LV-HIIT and CT groups.
While this was not a diet intervention study, finding HIIT to reduce total body weight
significantly was surprising. Perhaps as the 8-week intervention progressed, subjects felt better
and were happy with the results they subjectively felt, thus making small improvements in
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dietary consumption. Either way, with the greatest barrier to exercise being time, evidence has
suggested that HIIT is an effective modality of exercise for helping to prevent CVD to a similar
degree to that of MICT, in terms of arterial stiffness, VO2 peak, and body composition levels for
those who are susceptible in withdrawing from an exercise program due to time constraints.
CVD is the leading cause of mortality in the world and a key component in the development of
CVD is physical inactivity. Certain factors contribute to CVD that are unavoidable, such as aging,
while there are others that can help accelerate or delay the process of CVD. Weight gain is
known to impact PWV negatively, as mentioned earlier. Simply put, those who are
overweight/obese exhibit greater levels of arterial stiffness measured by PWV 49. With the
reduction of total body weight in our study within the HIIT group and PWV not decreasing
significantly, by maintaining healthy lifestyle habits and engaging in activities that do not
promote the acceleration of arterial stiffness, this is the first approach in achieving/maintaining
healthy arterial functioning and reducing the risk of CVD.

5.2. Future Directions
The results from this thesis show no change in arterial stiffness as measured from PWV
amongst any of the groups. This exercise intervention recruited healthy, young, sedentary
individuals who tend to have lower levels of arterial stiffness, leaving little room for
improvement. As previously mentioned, arterial stiffening is the story of what happens after 30
years of age.
Interestingly, since resistance training has been shown to have detrimental effects on central
arterial compliance including PWV 141–143, while evidence states the opposite 144, it would be
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interesting to see an exercise intervention comparing the effects of HIIT versus resistance
training on parameters of central arterial compliance and stiffness. We also did not employ a
nutritional intervention or calorie restriction study, which has shown beneficial effects on the
general population 145. This would be an interesting avenue of research to compliment different
types of exercise interventions on arterial stiffness levels.
Overall, our data show no differences in levels of arterial stiffness and no differences between
the groups on measures of VO2 peak. This is important as according to our data, exercise at
different intensities and durations do not cause an increase in arterial stiffness after an 8-week
aerobic exercise intervention. While our study reported no changes in VO2 peak across the
groups, studies have proven the validity of exercise on numerous physiological factors in 8week interventions across age ranges and clinical populations 27,97,133,137. For those who are
pressed for time, the LV-HIIT is an attractive alternative for health- related benefits 9,91. For
those who are diseased or deconditioned and cannot handle the stress of HIIT, CT has been
found to have beneficial effects as well comparable to that of HIIT. These effects, including
mechanistic approaches, should be studied in comparison to resistance training on larger sized
studies with a dietary intervention to further examine their efficacies on the general population
and diseased population.

5.3. Limitations
The objectives of this thesis were to 1) examine the effects of an 8-week aerobic exercise
intervention on arterial stiffness in healthy, sedentary adults and 2) determine the effects of an
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8-week LV-HIIT aerobic exercise program compared to 8-weeks of aerobic HIIT. Unfortunately,
like all other studies, this thesis contains limitations.
This study allowed for self-report bias in terms of the exercise training logs. While all subjects
were informed to accurately and honestly write down and complete workouts following
protocol, individuals could have been non-compliant. Most individuals, according to their
exercise training logs, were within appropriate exercise intensity zones and stated that their
diet remained mostly the same across the 8-week intervention. While HR monitors were used,
and this helps to ensure more accurate results, subjects could have falsely written down
information on the exercise training logs or skipped exercise sessions. Subjects were informed
that if exercise sessions were missed due to personal reasons such as lack of time or sickness,
to record this on the exercise training logs. A second limitation is differences in baselines
measurements. While this thesis examined the effects of HIIT on healthy, sedentary individuals,
this leaves a wide range of potential subjects, ranging from those who used to exercise and
stopped for an extended period, to those who have never consistently exercised. Many
individuals were young and overall in good physical shape while some other individuals who
were also young, were classified as overweight or obese. These differences in baseline
measurements could have confounded particular variables in this study. Third, while
individuals who were placed into the control group were asked to maintain the current daily
lifestyle throughout the 8-week intervention, there is the potential for error as some individuals
may have exercised an extra session per week or stopped their current fitness levels altogether.
Finally, while there was a total of 47 subjects that underwent pretest measurements, seven
individuals withdrew from the study due to personal reasons, leaving only 40 individuals,
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spread across evenly in each of the four groups, successfully completing the 8-week
intervention. There was a challenge in recruiting subjects for this study due to several factors.
The first being that this was not a financially compensated study. Second, an 8-week
intervention is a long period of time and many felt they had too much stress in life with work,
school, and/or family to participate. This study was recruiting individuals who were sedentary
and asked them to potentially engage in strenuous exercise for an extended period of time.
Many individuals who did not exercise stayed consistent with that decision and were not
interested in beginning an exercise program.
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